Time and nonlocal realism: 
Consequences of the before-before experiment 
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It is argued that recent experiments refuting nonlocal realism, can also be considered as 
experiments refuting time- ordered nonlocality and, hence, confirming the result of the before-before 
experiment. However, the before-before experiment provides a broader refutation because it also 
falsifies the testable relativistic version of Bohm's nonlocal model. All this stresses the interest of a 
new before-before experiment demonstrating together the failure of time-ordered nonlocality and 
the violation of the Leggett's inequality. 



Introduction 

The concept of "nonlocal realism" has been introduced 
to characterize theories that pretend to explain quantum 
entanglement assuming both nonlocal influences and re- 
alism [l], Q • Nonlocal influences means actions produc- 
ing correlated events in two space-like separated regions. 
Realism is the viewpoint according to which the results 
of observations are a consequence of pre-existing prop- 
erties carried by physical systems. One can define non- 
local realistic theories that fulfill the so called Legget's 
inequality, whereas quantum mechanics violates it Q. 
Groblacher et al. have presented experimental results vi- 
olating Leggett's inequality, and in agreement with quan- 
tum mechanics. They concluded that "giving up the 
concept of locality is not sufficient to be consistent with 
quantum experiments, unless certain intuitive features of 
realism are abandoned" [l[. Meanwhile, other more con- 
clusive experiments falsifying Leggett's nonlocal hidden 
variables model have been done [J El- 

Relativistic quantum experiments with beam-splitters 
in motion were proposed in 1997 0, Q with the aim 
of testing the assumption that entanglement can be ex- 
plained by means of time- ordered nonlocal influences. 
The tested nonlocal model keeps the relativity of time, 
and uses the inertial frames of the beam spitters to es- 
tablish the time order of the events. A consequence of 
this assumption is that the quantum correlations should 
disappear in relativistic experiments in which each beam- 
splitter, in its own reference frame, is first to select the 
output of the photons (before-before timing). This pre- 
diction was proved wrong by the before-before experiment 
performed in 2001 :7|. Reference [3| quotes this experi- 
ment as the first falsification of a nonlocal hidden vari- 
ables model, the "Suarez and Scarani model" [5[. 

Here I show that the concept of "nonlocal realism" is 
equivalent to the assumption of time-ordered nonlocal 
influences, and the experimental falsification of nonlocal 
realistic models is a confirmation of the before-before ex- 
periment. I argue moreover, that this experiment ac- 
tually also falsifies the relativistic testable version of 



Bohm's nonlocal theory. All this stresses the interest of a 
future before-before experiment demonstrating together: 
the violation of the Bell's and Leggett's inequalities, and 
the non disappearance of the nonlocal correlations. 



Nonlocal realistic theories 

The nonlocal realistic theories fulfilling the Leggett's 
inequality are characterized through the following de- 
scription (see [![, and the corresponding supplementary 
information) : 

A source emits pairs of photons in a maximally en- 
tangled state, and it is assumed that the single photons 
in the pair carry well-defined polarizations. One of the 
photons with polarization vector u is sent to Alice's lab- 
oratory and measured with a polarizing beam-splitter set 
at angle a, and the other photon with polarization vec- 
tor v is sent to Bob's laboratory and measured with a 
polarizing beam-splitter set at angle b. A polarization 
measurement gives either a result of +1 or —1 depending 
on whether a single photon is transmitted or reflected by 
its polarizer. 

For reasons of clarity, Groblacher et al. choose an ex- 
plicit non-local dependence of Bob's outcomes on Alice's 
ones, though, they note, that one can also choose any 
other example of a possible non-local dependence. Thus, 
the local polarization measurement outcomes A are pre- 
determined by the polarization vectors u and an addi- 
tional set of hidden variables A specific to the source. 
The local polarization measurement outcomes B are pre- 
determined by the polarization vectors u and v, the set 
of hidden variables A, the settings a and b, and any pos- 
sible non-local dependence of Bob's outcomes on Alice's 
ones. 

It is a crucial trait of the Leggett's nonlocal models 
that there exist subensembles of definite polarizations be- 
fore measurements, described by a probability distribu- 
tion p u ,v(A). Then, the non-signalling condition imposes 
that the local averages performed on the subensemble of 
definite (but arbitrary) polarizations u and v obey Malus 
Law, i.e.: 
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The individual B outcomes depend non-locally on A outcomes 




Time-ordered local influence 
coming from the pre-existing 
polarisation of photon B 



Time-ordered local influence 
coming from the pre-existing 
polarisation of photon A 



Local hidden variables determining 
the photons trajectories 



FIG. 1: The Legget's inequality is a characteristic of causal 
chains built of time-ordered nonlocal influences and time- 
ordered local ones. The figure shows (blue-green, counter- 
clockwise) the causal chain corresponding to the choice of 
Reference [J: the individual B outcomes depend nonlocally 
on pre-existing A outcomes, and these depend locally on the 
polarization of photon A when it leaves the source; a similar 
(not shown) causal chain could be drawn (yellow, clockwise) 
for the alternative case of the individual A outcomes depend- 
ing nonlocally of B outcomes. 



A(u) 



A(a, u, A)/j u ,v(A)dA = u • a 



(1) 



indicates. The influence coming from the pre-existing po- 
larization of photon B does not matter for the value of the 
individual B outcomes, but only for their statistical dis- 
tribution. Therefore, "non-local realism" implies that the 
individual outcomes in Bob's laboratory are determined 
by "pre-existing" space-like separated outcomes in Al- 
ice's laboratory, and these are determined by the hidden 
variables the corresponding photons A carry when they 
leave the source, according to the causal chain sketched in 
Figure 1. Other features like the trajectories the photons 
travel from the source to the polarizing beam-splitters, 
are exclusively determined by local realistic properties. 
But even the Copenhagen interpretation of Quantum Me- 
chanics admits some local realistic features like, for in- 
stance, the property that a detection takes place D/c 
seconds after the time of emission, where D means the 
distance between source and the detectors, and c the ve- 
locity of light. 

The term "pre-existing" has an obvious temporal 
meaning. Hence, for coincidence measurement outcomes 
(A, B) in the laboratories of Alice and Bob, "nonlocal re- 
alism" means that each individual outcome A at Alice's 
side precedes in time and causes the correlated individual 
outcome B at Bob's side. Thus, one is led to the conclu- 
sion that the postulate of "nonlocal realism" requires the 
assumption of time- ordered nonlocal influences. "Nonlo- 
cal realism" (as defined in [l|,l2|]) fails if experiment proves 
wrong that one of two non-locally correlated events oc- 
curs before and is the cause of the other. 



B(v) = / B(a, b, u, v, A)p u , v (A)dA = v b (2) 

All nonlocal dependencies are put on the side of Bob, 
in Equation his measuring device has the informa- 
tion about the setting of Alice, a, and her polarization 
u. Theories in accordance with this description fulfill the 
Leggett's inequality while they violate the Bell's in- 
equality to the same extent of quantum mechanics. Both 
inequalities are tested by performing coincidence mea- 
surements (A,B) with different settings. The experiments 
show violations of Leggett's and Bell's inequalities, in 
agreement with the predictions of quantum mechanics 
II- 

The core of nonlocal realism consists in 
time-ordered nonlocal influences 

Let us now consider the postulate of "nonlocal realism" 
0, Q • According to this postulate all measurements A 
and B are determined by the "pre-existing" properties 
(hidden variables) the particles carry. However, the indi- 
vidual B outcomes cannot be considered to be predeter- 
mined by the polarization vectors v the photons B carry 
when they leave the source and the set of local hidden 
variables A specific to the source, for the B outcomes 
depend non-locally on the A outcomes, as Equation ^ 



The falsification of Leggett's nonlocal model is a 
confirmation of the before-before experiment 

Time-ordered nonlocal influences imply that it is pos- 
sible to establish the timing of the outcomes by means of 
a real clock. The trouble is that since Bob and Alice stay 
space-like separated the timing will depend on the iner- 
tial frame of the measuring observer. However, any "real- 
istic" theory must assume that the photon always travel 
a definite trajectory determined by the particle's prop- 
erties, and the outcome becomes determined at the cor- 
responding polarizing beam-splitter at the moment the 
particle hits it (Figure 1); additionally, a photon expe- 
riencing the inertial frame of the beam-splitter becomes 
doppler shifted when it is reflected by a beam-splitter in 
motion. Therefore it is logical to assume that the iner- 
tial frame of Alice's polarizing beam-splitter defines the 
clock measuring the time for her outcome, and the iner- 
tial frame of Bob's polarizing beam-splitter defines the 
clock measuring the time for his outcome. 

Consider now a relativistic experiment with beam- 
splitters in motion in such a way that each of them, in its 
own reference frame, is first to select the output of the 
photons (before-before timing). Then, each outcome will 
become independent of the other, and the nonlocal cor- 
relations should disappear. This means that theories as- 
suming time-ordered non-local influences predict the dis- 
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appearance of non-local correlations in before-before ex- 
periments, and the same holds for theories sharing "non- 
local realism" . A before-before experiment has been done 
in 2001 [7], though not using polarizers but interferom- 
eters. The result was that the correlations doesn't dis- 
appear. Hence, the experiment ruled out time-ordered 
nonlocal influences, and thereby proved "nonlocal real- 
ism" wrong. None of the two correlated events can be 
considered the cause of the other. In words of Nicolas 
Gisin: "the same randomness manifests itself at several 
locations" [8|. A quantum correlation is a single event 
in which local randomness and non-local order (correla- 
tions) appear inseparably united. Entanglement has its 
roots outside of space-time Q. The joint outcomes in 
entanglement experiments cannot be described as being 
determined by pre-existing properties of particles inde- 
pendent of the measurement. 

Conversely, the experimental falsification of Leggett's 
nonlocal model means the falsification of time-ordered 
nonlocality. Although the inequality (as said above) 
characterizes theories combining time-ordered nonlocal 
influences together with certain features of local realism, 
these realistic features are supposed to hold in certain 
cases and fail in others: so for instance, the individual 
A outcomes (Figure 1) can be considered completely de- 
termined by pre-existing properties photon A carries, but 
the individual B outcomes are not completely determined 
by pre-existing properties photon B caries. In this sense 
"the abandon of certain intuitive features of realism" en- 
ters already as an axiom the non-local hidden variables 
theories, rather than being a consequence of the exper- 
iment. This means that the core of Leggett's nonlocal 
model is time. Time-ordered nonlocal influences are a 
sort of "hidden" assumption in the nonlocal hidden vari- 
ables models. The effective consequence of the violation 
of the Leggett's inequality is the failure of a particular 
type of time-ordered nonlocality. 

In any case the violation of Legget's inequality does 
not imply at all that a conscious human observer has to 
be present for the collapse of the wave function to take 
place. 



mechanical EPR correlations. As Aspect states, this 
model is clearly nonlocal in the relativistic sense, as we 
must invoke a particular frame of reference to give a sense 
to the statements that measurement on photon A hap- 
pens first, and that its result immediately affects the state 
of photon B. In a sense the model is also realist, as we 
can qualify the individual polarization of each photon at 
each step [13j. Aspect claims: "If we take this description 
- based on standard quantum-mechanical calculations - 
as a model, it cannot be rejected by any experiment that 
is in agreement with quantum mechanics, including the 
more complex elliptical polarization measurements per- 
formed by Groblacher et al." [Hj| . Aspect's explanation 
is actually nothing other than that provided by Bohm's 
theory [Tcj , and also the way John Bell used to describe 
non-locality It could be sketched deleting in Figure 
1 the two arrows corresponding to the local influences 
coming from pre-existing photons polarizations. 

Groblacher et al. themselves also acknowledge that 
their experiment does not rule out Bohm's model. In- 
deed, in this model neither of the two photons in a 
maximally entangled states carries any definite polariza- 
tion when leaving the source: they acquire it only when 
they pass the polarizing beam-splitters through the ac- 
tion of the nonlocal "quantum potential" Fulfill- 
ing Leggett's inequality is not a characteristic of Bohm's 
model jl|, Q. 

Bohm's theory casts nonlocality into a time-ordered 
causal scheme. It postulates that the outcome at one 
beam-splitter precedes in time, and causes faster than 
light the outcome at the other beam splitter by means of 
the "quantum potential". However, Bohm gives up the 
relativity of time and postulates an undefined preferred 
frame or universal clock to establish the time order. 

Note that Groblacher et al. claim that Bohm's the- 
ory is "realistic" despite its denial of "pre-existing" defi- 
nite photon polarizations. This claim stresses that in the 
"experimental tests of nonlocal realism" the "hidden" hy- 
pothesis one wants to test is actually time-ordered non- 
locality. 



After the before-before experiment Bohm's 
The violation of Leggett's inequality does not rule interpretation can hardly be considered a valid 

out Bohm's nonlocal model alternative to Copenhagen 



Alain Aspect commenting on the experiment of 
Groblacher et al. stresses: "there are other types of non- 
local models that are not addressed by either Leggetts 
inequalities or the experiment." [l3| Aspect considers 
the following model: Assume that a measurement is per- 
formed first on photon A. This measurement gives either 
a result of +1 or — 1; immediately after one of the two 
results is obtained, the quantum description of photon B, 
which had not been favoring any precise polarization be- 
fore the measurement on photon A, collapses into a state 
of polarization identical to the one found for photon A, 
from which one can readily derive the usual quantum- 



Bohm's theory is an attempt to give a complete deter- 
ministic interpretation of quantum mechanics. 

However, the free will of the experimenter is a main 
assumption in Bell's proof of nonlocality [§]: this fea- 
ture remains often hidden in the discussion of the experi- 
ments. Every nonlocal theory is based on the axiom that 
important parts of the physical world, the human brains, 
cannot be exclusively explained in a deterministic way, 
and free choices are possible. The mere assumption of 
nonlocal influences throws out determinism. Hence, it is 
inconsistent to claim that Bohm's model is both nonlocal 
and fully deterministic. 



4 



Can we consider Bohm's model at least nonlocal deter- 
ministic in the sense of time-ordered nonlocal causality? 
Q . Bohm's time-ordered nonlocal theory is actually not 
testable, because it does not state which clock has to be 
used for establishing the time order of the events. For 
a scientific theory this is a severe weakness. If one as- 
sumes that Bohm's time-ordered nonlocality is not an 
illusion but belongs to physical reality, one has to cast 
it into a description using real clocks. As said above, 
the essential ingredients of a realistic theory lead nat- 
urally to accept that the relevant clocks are those de- 
fined by the inertial frames of the beam splitters. In this 
sense, Bohm's model is the adequate time-ordered nonlo- 
cal description for entanglement experiments with beam 
splitters at rest. And its natural extension to entangle- 
ment experiments with beam splitters in motion is the 
multisimultaneity ( "Suarez and Scarani" ) model, leading 
to the prediction that the correlations should disappear 
in the before-before experiment 0, H|. Therefore, this 
experiment proves nonlocal determinism in the testable 
relativistic extension of Bohm's model wrong. 

Nonlocality assumes free choices on the part of the 
experimenter, and the before-before experiment demon- 
strates nonlocal free choices on the part of Nature: 
Bohm's deterministic interpretation can hardly be con- 
sidered a valid alternative to the non-deterministic view 
of Copenhagen [9(. 

Therefore the before-before experiment means a 
broader refutation of nonlocal determinism (time-ordered 
nonlocality) than that provided by the experimental vio- 
lation of Legett's inequality. Nevertheless, it is notewor- 
thy that this inequality offers a mean of testing a particu- 
lar case of time-ordered nonlocality without the necessity 



of setting devices in motion to achieve relativistic timing 
configurations . 



Conclusion and proposal 

The preceding analysis shows that what one tests with 
Leggett's inequality is not realism but time, time-ordered 
nonlocality. The before-before experiment ruled out the- 
ories assuming time-ordered nonlocal influences. The 
experimental tests of Leggett's nonlocal models versus 
quantum mechanics confirm this result. Giving up the 
concepts of locality and realism is not sufficient to be 
consistent with quantum experiments, one has also to 
abandon time-ordered causality too. 

This issue has not yet been highlighted in the ongo- 
ing discussion about experimental tests of nonlocal real- 
istic theories. This may be a sign that "most working 
scientists" (the expression appears in [l[) unconsciously 
still hold fast to the postulate of time-ordered causal- 
ity: Apparently, the idea that Nature establishes order 
without time is, after all, the most counterintuitive fea- 
ture of quantum mechanics. A possible way of render- 
ing this idea more familiar, and contributing to a better 
understanding of the nature of quantum entanglement, 
could be demonstrating within the same experiment all 
the three results: the violation of Bell's and Leggett's 
inequalities, and the non-disappearance of the quantum 
correlations with before-before timing. 
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